Most of the coal gasification plants based of one of the three main types of reactors: fixed bed, fluidized bed or entrained flow. In recent years, the last ones, which works as "slagging" reactors (due to the form of generated waste), are very popular among commercial installations. The article discusses the characteristics of the waste from coal gasification in entrained flow reactors, obtained from three foreign installations. The studies was conducted in terms of the possibilities of use these wastes in mining technologies, characteristic for Polish underground coal mines. The results were compared with the requirements of Polish Standards for the materials used in hydraulic backfill as well as suspension technology: solidification backfill and mixtures for gob caulking.
Introduction
Most of the industrial coal gasification plants work on the basis of one of the three main types of reactors: fixed bed, fluid bed or dispersing. Depending on the type of reactor and the specific installation solutions, the arising gasification by-products may take various forms.
It depends largely on the ratio of the temperature of reactor work to the melting point of the minerals contained in the fuel, or in other words to softening and melting temperature of the ash. In recent years, dispersion "slagging" reactors became very popular in commercial installations. Dispersion reactors are now one of the most popular solutions in solid gasification technology. Most of the 2,016 planned gasification reactors are based on this type (Worldwide Gasification Database, 2010; Chmielniak & Tomaszewicz, 2012) . It can be assumed that in the near future, installation of coal gasification based of dispersion reactors will being built also in Poland.
In such systems slag is captured and cooled after outflow from bottom part of the reactor. Besides slag, fly ash are also formed and captured in the exhaust system. It may be extracted separately or returned to the reactor chamber, where it is melted. In the latter case, the only slag is a by-product (Clean Energy..., 2008; Higman & van der Burgt, 2008; Pomykała & Mazurkiewicz, 2011b) .
So far, ash and slag from the gasification process are mainly used as aggregates in the building and road construction industry (Aineto et al., 2005; Higman & van der Burgt, 2008) . Potential usefulness in the ceramic industry was also stated (Acosta et al., 2002; Aineto et al., 2006) . Searching for new directions of applications this type of material is still going on.
The article presents an analysis of the possibilities of using by-products of gasification as materials for hydraulic backfill, solidification backfill and mixture for gob caulking -technologies used in the Polish underground coal mining industry.
Backfill technologies
Several backfilling technologies, which use water to transport the material can be distinguish in the Polish underground mining. Traditionally, and for historical reasons, the term "hydraulic backfill" refers to that which meets the requirements of Polish Standard PN-93/G-11010. The most important features of the hydraulic backfill include: filling the previously separated voids, using material with the low compressibility and high permeability. This material, after draining the water has a mechanical support of the roof, and the backfill process is closely linked with to exploitation process as a way of liquidation of gob (cavity behind a longwall). Sand and mining waste, rarely metallurgical waste, are the most commonly used types of materials for this technology (Lisowski, 1997) .
For over twenty years, in the Polish coal mining industry is present also other backfill technology, in which hydro transport is used. In this case, the solid materials are fine-grained (with a predominance of dust fraction), which after mixing with water form a suspension. Such mixtures are often referred to as ash-water suspensions or fly ash suspension (because their main ingredient are different types of fly ashes), and technology as suspension backfill or suspension technology. Polish standard PN-G-11011:1998 distinguishes two types of such suspensions and defines them as "solidifying backfill " and "mixture for gob caulking."
The basic reason for the use of fine-grained suspensions in mining technologies was initially necessity of management of waste from mining and power industry (Mazurkiewicz et al., 1998; Piotrowski et al., 2006; Piotrowski, 2010; Plewa & Mysłek, 2000; Plewa & Sobota, 2002) . Currently, suspension technology entered very deeply and permanently in coal mines and became indispensable means of fire and methane prevention (Dziurzyński & Pomykała, 2006; Palarski, 2004; Pomykała, 2006) . Most frequently suspensions are used for partially or completely fill the breaking down zone ("gob filling" or "gob caulking") arising as result of the coal exploitation in longwall system. In this way, the effect of cooling and insulating is being achieved and thus -limiting the possibility of two-way gas flow, both: from exploitation zone (air) as well as from the gob (methane and gases -coal oxidation products). This is particularly important for reducing the risk of spontaneous endogenic fire, which are still present in Polish coal mines (Trenczek, 2008) . Suspensions are used also in other mining technologies, among others to liquidation (fulfilling) of unnecessary roadways. Still an important goal of suspensions in the mining industry is the use of waste, this is particularly fine-grained mining wastes, such as tailings or slimes (Piotrowski, 2010; Pomykała et al., 2012) .
While traditional hydraulic backfill is increasingly rare used in Polish coal mines, interest of use fine-grained suspensions continues to grow. A major barrier to the wider use of fly ash is its availability of a short distance from the mines. Mining here feels strong competition from the cement, building and road construction industry, especially in the summer months. Therefore, intensive activities and researches are carried, aimed at expanding the range of potential materials (preferably waste) available and feasible, as components of the backfill suspension technology.
Both referred Polish standards for hydraulic backfill and suspension backfill (solidification backfill and mixture for gob caulking) are constructed according to a similar pattern. First, the requirements on the basic physical and chemical properties of materials are defined followed by the technological properties of backfill mixtures. A similar arrangement is used in this paper: due to the fact that the basic requirements for the material properties of both standards are similar, or in some cases identical -are listed together. The rest of the properties are shown by-products of gasification, as components of mixtures backfilling.
Test Materials
For testing were used waste (by-products of gasification) origin from foreign installations, where coal is gasified, but also other additives such as bitumen (slag S1), and biomass (fly ash A2 and slag S2). All of the sample material obtained from the system are based on dispersion "slagging" reactors, in which the process temperature exceeds the melting point of the minerals contained in the fuel. In each of these installations the slag is primary by-product . Fly ash captured in the exhaust gas treatment systems are often recycled back into the reactor. Only from one of the installations both the slag and ash was obtained, from two remaining only slag.
Initial characterization of three (S1 and S2 slag, fly ash, A2) of four of the wastes has been presented previously (Pomykała & Mazurkiewicz, 2011a) . For the conservation continuity the same sign have been left, where "S" stands for slag, A -ash, and the numbers from 1 to 3 were determined sequentially gasification installations.
Each of the two main types of backfill requires the use of other materials, especially in the field of granulation. For hydraulic backfilling are suitable materials containing mainly sand fraction (0.5÷2.0 mm) and gravel (2 to 40 mm). Strongly limited are content of grain less than 0.1 mm. Among the obtained materials only slags meet this condition, and only slags were analyzed in terms of fit for this technology.
In backfill suspension is usually used materials with smaller grains -there prevails dust fraction (0.002÷0.5 mm), which corresponds to most of the fly ash particle size. Materials of larger grains are used rarely, usually as a supplement -alone do not form stable suspensions of water, bigger grains sedimentate very easy, which is undesirable. Among the analyzed by-products of gasification only ash A2 resembles a typical material used in this technology. Therefore, for a complete determination of the properties of coal gasification by-products in terms of usefulness for the backfill suspension, slags was subjected to grinding process, and only in such a state were used to prepare suspensions.
The basic properties of the gasification by-products as backfill materials
Basic tests of gasification by-products include such properties as density, moisture content, grain composition, leachability of chemical contaminants and radionuclides content. Selected physical properties of the gasification by-products and the marking are presented in Table 1 . 
Grain composition
Determination of particle size distribution of slags were performed using sieve shaker. Particle size distribution of slags and, for comparison, two other backfill materials: sand and steel slag, is shown in Figure 1 . The key limitation to use material in the hydraulic backfill, is content of particles of size below 0.1 mm. In all the analyzed slags the content of particles smaller than 0.1 mm does not exceed 6%, and the maximum size -10 mm. Thus, due to the grain composition gasification slags comply the requirements for backfilling materials class I (Table 4) . Figure 2 shows the curves of grain distribution of A2 ash and the milled slags from coal gasification i.e. the materials used for the preparation of suspensions and for test their suitability for the solidifiaction backfill and mixture for gob caulking. Wherever the milled slags are used the index "m" is added to the mark: "S1m", "S2m" and "S3m".
Leachability of chemical contaminants
The results of chemical contaminants leaching together with requirements for waste used as hydraulic backfill material according to PN-93/G-11010 as well as for materials used in suspension backfill (solidification backfill and / or a mixture of the gob caulking) posed by PN-G-11011:1998 , are summarized in table 2. Based on the results found exceeding of the limits of one or both mentioned standards in the ranges of pH and / or nickel for the samples slags S1 and S2 and A2 ash. Draws attention a very low pH and a very high content of nickel for slag S1, it is rather unusual things for Polish waste from coal combustion.
The content of radionuclides
The specific activities of analyzed material are assembled in Table 3 . The study involved only gasification slags. Concentrations of natural radioactive isotopes are given in accordance with the instructions of Building Research Institute in Warsaw, No. 234 of 1995. According with the requirements of both backfilling standards, the specific activity of the radioactive isotope (isotopes 226Ra + 228Ra and / or 226Ra) in the backfilling material should not exceed 1×10 4 Bq/kg. Analyzed slags from gasification meet these requirements. In addition, they also met a much tougher requirements for materials construction, concerning maximum content of natural radioactive isotope of potassium (40K), radium (226Ra) and thorium (228Th) "in raw materials and construction materials used in buildings designed to accommodate people and livestock, as well as in the construction of industrial waste" referred to Council of Ministers Ordinance of January 2, 2007 (Journal of Laws No. 4, pos. 29) . According to this regulation values of activity indicators f1 and f2 can not exceed by more than 20% of the value of f1 = 1 and f2 = 200 Bq / kg for raw materials used in buildings designed to accommodate people. Tested slags met the above inequality, so can be put into the production of construction materials used in buildings intended for human residence. 
Requirements for hydraulic backfill materials
PN-93/G-11010 standard that specifies requirements for hydraulic backfill materials defines three classes of backfill materials (Table 4) . Requirements concerning density and grain size are met by all slags (Table 1 and Figure 1 ). The content of grain size less than 0.1 mm for all ot them corresponds to the class I of backfill materials. Gasification by-products do not contain the visible part of the plant, which is a natural consequence of the process, from which they originate. Among the remaining requirements summarized in Table 4 only grindability test were not realized. However, hardness of the slags, set at about 6.5 on the Mohs scale (Pomykała & Mazurkiewicz, 2011a) , are only slightly less than the backfilling sand, so it can be assumed that grindability requirement can be met similar like for sand. 
Compressibility
Compressibility is one of the most important properties of the material used in the hydraulic backfill. This allow to determinate the possible reduction of the high and volume of backfill material under a load of the roof. Polish Standard PN-93/G-11010 indicates the maximum com-pressibility value at a load of 15 MPa, for each of the three classes of materials: 5% for class I, 10% for the second (II) and 15% for the third (III).
Compression tests were carried out for gasification slags, as well as their mixtures with backfilling sand class I (Fig. 3 to 5) . Compressibility of the slags remains at level of 11÷14%, allowing them to qualify for class III of backfilling materials. For the second class of backfilling material, the compressibility of up to 10% is demanded. This condition is fulfilled for slag and sand mixtures. For the case of S2 and S3 slag minimum amount of sand in the mixture is 50%. 100% slag S1 50% slag S1 + 50% backfilling sand 25% slag S1 + 75% backfilling sand 100 % backfilling sand Compressive stress [MPa] 100% slag S2 50% slag S2 + 50% backfilling sand 25% slag S2 + 75% backfilling sand 100 % backfilling sand However, this is not enough in the case of slag S1 (Fig. 3) . Additional research conducted for this material indicated at least the 60-percent share of sand allows achieving compression rates below 10%.
Permeability
Permeability tests were carried out both for the slag and mixtures of sand backfilling. The results are summarized in Figure 6 . Obtained permeability values allow to classification all analyzed materials and mixtures to the first class of backfilling materials. 
Requirements for materials used in solidification backfill and mixture for gob caulking
Polish Standard PN-G-11011:1998 "Materials for solidification backfill and mixtures to caulking gob. Requirements and test methods" refers to both properties of materials, suspensions in a liquid state as well as suspension after solidification. Only for part of the defined properties, the specific quantitative requirements are indicated (Table 5 ). The results of the same material properties (density, grain composition, leachability of chemical contaminants, the content of radionuclides) have been discussed previously. In addition to the specific requirements for the properties of the ash and suspensions, the PN-G-11011 are also described other requirements which must be individualized to the local conditions of use. Belong to them viscosity (and more broadly, the rheological properties of suspensions), setting time, compressibility and water permeability. Among them the paper presents the results of the rheological properties and setting time. The results are shown in the form of rheological of flow curves of the Bingham model, which well reflects the characteristics of such mixtures, transported gravitationally by pipeline (Stryczek et al., 2009; Stryczek & Wiśniowski, 2001 , 2004 .
Properties of suspensions in a liquid state
To investigate the properties of the fine-grained suspensions in the liquid state, the water mixtures of gasification by-products were prepared in various proportions of solids to water. The proportions were titrated toward that, fluidity of suspensions was in the range from 180 to 300 mm, which ensures a stable flow in backfilling pipeline. The results of fluidity, the amount of supernatant water and setting time are summarized in Table 6 and shown in Figures 7, 8 and 9. Research results of suspensions in the liquid state allows for the indicate the three groups with slightly different behavior. To the first group includes suspensions prepared on the base of gasification ash A2, the second one -suspension of the milled slag S1 and S2, and the third -suspension on the base of milled slag S3. Water suspensions of ash the A2 already at small values of the s/w ratio (solids to water ratio) had the consistency such as suspensions of milled slags with nearly double solids content (nearly twice bigger s/w). For example, to obtain a suspension with a fluidity of 250 mm, was enough to mix the A2 ash with water in the ratio with 0.8:1, but when the S1M was used -the s/w ratio was 1.6:1, for S2m -s/w = 1.7:1 and for S3M s/w had to increase even to 2.1:1. This had influenced clearly on the other properties -such as the amount of supernatant water.
From each of the analyzed material is possible to prepare suspensions that meet the standard requirements for the solidification backfill and mixture to caulking gobs, in the field of both the fluidity and amount of supernatant water.
Setting time of suspensions, calculated as the period between the begin of binding to the end, was practically independent of the type of material and the s/w ratio, and took about 2 days. Fastest the end of setting occurred at case of suspensions based on milled slag S1m and S2m with the s/w = 2.0:1. Latest: for the suspensions of ash A2 and milled slag S3m, with the s/w ratio of0.8:1 and 1.5:1, respectively. The rheological properties of the suspensions in a liquid state was carried out using rotating viscometer of Rheotest. The results are presented in the form of the rheological parameters of the Bingham model: the plastic viscosity and yield stress. Flow curves of tested suspensions are presented in figures from 10 to the 13. 
Properties of solidified suspensions
Research of solidified suspensions included determination of uniaxial compression and soakability. The results are presented in Figure 14 and 15.
Strength parameters of tested suspensions do not allow to qualify them as a solidification backfill according to PN-G-11011:1998 . In any case, the compressive strength does not exceed the required minimum value of 0.5 MPa. Also, when testing soakability, part of the samples with the lowest values of ratio s/w -have completely disintegrated during the seasoning in water. This indicates practically lack of binding ability of these suspensions. This is also consistent with the results of the pozzolanic properties of such by-products of gasification (Mazurkiewicz et al., 2012) . To use this type of materials to solidification backfill technology would be necessary to apply the binding materials such as cement.
Analyzed suspensions (except for one: prepared from milled slag S3m with ratio s/w = 3.0), meet the requirements in the range of mixtures for gob caulking. Depending on the local conditions and needs of the mining process, suspensions can be prepared in wide range of consistency.
Summary and Conclusions
The article discusses the possibility of using wastes from coal gasification processes in reactors dispersion as materials for: hydraulic backfill (according PN-93/G-11010) as well as solidification backfill and mixture to gob caulking (according to PN-G-11011:1998) .
Research in this area has been taken knowing that the properties of wastes from thermal treatment of solid fuels depends not only on the parameters of the process itself, but also on the characteristics of the fuel used. Analyzed wastes were created from the gasification of coal and additives (bitumen and biomass) available in the local markets (specific to each installation). This is reflected, among others in the leaching test results -in two cases exceeded the maximum levels of nickel and pH of the effluent. These are not typical results for Polish energy waste, tested many times in this area (Mazurkiewicz et al., 1997; Piotrowski et al., 2009; Piotrowski, 2010) . For this reason, at this stage of reflection, this should not be a cause for disqualification of the gasification wastes as a materials for use in mining technology.
The tests referred for the hydraulic backfill performed only for the slags. The obtained results allow to conclude that the slags from coal gasification can provide valuable backfilling material at least the third class (after eliminating objections to the leaching of chemical contaminants). There is also the possibility to achieve a higher class of backfill material, by mixing slags with good quality sand.
Fly ash and milled slags A2 were also tested for their suitability as backfill materials for and mixtures solidification to caulking gob. Studies have shown no binding properties of the suspension samples -in no case was achieved uniaxial compression required for the solidification backfill (0.5 MPa). Thus, analysed suspension cannot be used as solidified backfill. It is however possible to use them as a mixture to caulking gob, provided that the samples are not disintegrated during the test subject soakability (rozmakalność will be less than 100% - Figure 15) .
Conducted research confirmed introductory the possibility of applying by-products from gasification installations based on dispersion reactors, to the mining technologies which are characteristic for the Polish underground coal mining. For the final acknowledgment are necessary, of course, thoroughly test of this waste that would be used in particular mines. Future applications of waste from gasification process as backfill material depends on many factors, among which include: further development of the technology of hydraulic backfill in mining Polish, as well as the properties and the availability of this type of material resulting from the gasification Polish coal and / or in systems in Polish.
